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This report to the Science Advisory Board was prepared under the
direction of the Technological Committee. The statements and views
presented in this report are those from Mr. Earl s review and do not
necessarily represent the views or policies of the lntemational Joint
Commission, its Science Advisory Board or its committees.
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PREAlVIBLE

The Technological Committee of the Science Advisory Board of the International Joint

emerging technologies
Commission (IJC) was requested to investigate and report on current and
ef uents in the
industry
paper
and
pulp
for the elimination of undesirable Chemicals from the

of regulatory
Great Lakes basin. This is a subject of intense current interest especially as a result
by Mr. Paul
review
this
sioned
initiatives in Ontario and Scandinavia. The Committee comtnis
was as
Work
of
nt
Stateme
The
Earl of the Pulp and Paper Centre at the University of Toronto.
follows:

Objective

To advise the Technological Committee of recent advances to minimize the generation
of persistent toxic substances, including chlorinated contaminants, in pulp and paper
industrial process research and projects in the initial stages of development in Europe
and North America and will also include full-scale technology not commonly used in
North America.
Mr. Earl was asked to undertake a literature review of available and proposed technologies
for the reduction of chlorinated organic matter from bleached pulp mill ef uents. Emphasis was
to be placed on process research and projects in the initial stages of development, but the review
was also to include full-scale technology not commonly used in North America. Emphasis was to
be placed upon recent review articles from industrial, scientific and engineering joumals,
particularly TAPPI Journal, Pulp and Paper Canada and the Journal of the Water Pollution Control
Federation.

As part of this review, Mr. Earl attended the Third Colloquium on Pulp and Paper Mill
Ef uents presented by the Pulp and Paper Centre, University of Toronto: "Processes for
Minimizing Discharge of Chlorinated Organic Compounds." Due to the private nature of the
colloquium, the papers distributed at that event cannot be released to the public.

Finally, Mr. Earl was requested to prepare a review regarding the operational status,

feasibility, and where possible, the economics of the aforementioned technologies. This review
was to contain a complete list of references, as well as appendices containing an annotated
bibliography of the most recent articles and copies of selected, significant papers.
Mr. Earl was not requested to analyze or comment on economic or regulatory aspects; his
focus was to be on emerging technologies. A more comprehensive treatment, including these
aspects, would have required more than the available resources.
It is hoped that this report will be a valuable source document for those concerned with this
complex contentious issue.
The Technological Committee, at a meeting in April 1989, reviewed the report and
information from a number of recent studies, including a colloquium held at the University of

Toronto in February 1989, the Technical Association of the Pulp and Paper Industry (TAPPI)

Environmental Conference held in April 1989 and findings from the Province of Ontario s

Municipal/Industrial Strategy for Abatement (MISA) program to regulate ef uents from the pulp
and paper sector. The Committee offers the following comments on scienti c and technological

aspects of this issue.

Although most regulatory efforts are apparently being directed to the reduction of

organochlorine (0C) chemicals in ef uents, this trend should not detract from efforts to reduce the
discharge of conventional parameters such as BOD which, in many instances, remain

unacceptable, or to reduce the frequency and severity of spills. The quantities of 0C compounds

discharged by the pulp and paper industry in the Great Lakes Basin Ecosystem, far exceed (by

perhaps a factor of 1,000) those discharged by other industrial sectors, such as the chemical
industry. But the nature of the OC compounds from bleaching operations is very poorly

understood. Only a small fraction of the total is comprised at the well characterized chloro-alkane,

l

aromatic and phenolic chemicals, which tend to appear on priority Chemical lists. Much of the 0C

material is high in molecular weight and of uncertain structure, persistence, toxicity,
bioaccumulation potential and general environmental fate. It is erroneous to assume that these
chemicals are as hannful as the "priority pollutants." Considerable evidence exists that they are,
gram-for-gram, much less harmful, but quantitative information is lacking.

It should be

appreciated, therefore, that regulations which reduce 0C discharges from say 7.0 "to 1.5 kg

organically-bound chlorine per tonne of air-dried pulp are being developed in the absence of

reliable information on the bene ts to be gained from the elimination of these 4.5 kg.

The Technological Committee does not advocate a delay in promulgating such regulations.
because less 0C discharges are certainly better than more 0C discharges. Further, substantial
reduction can apparently be made with little economic penalty, especially by chlorine dioxide
substitution and more selective use of chlorine as an oxidant. But it will become increasingly

dif cult to promote further reductions in the absence of reliable information on the nature and
effects of these OC chemicals.

Mr. Earl also shows that improved treatment of ef uents can result in OC discharge
reduction. In our judgement, a compelling case can be made for bringing all pulp and paper
operations in the Great Lakes basin up to a similar standard of wastewater biological treatment
with adequate wastewater retention to reduce shock loads. It is probable that exposure of the
ef uents to a thriving microbial community under aerobic treatment conditions will result in
substantial toxic chemical removal by absorption and metabolism, thus reducing ef uent toxicity
and the potential for bioaccumulation.
Two key issues which are not adequately addressed in the report (because they were not
requested) are the effects of increased paper recycling and the nature of future consumer
demands. Only last year did the potential of recycling become fully appreciated.
The public has responded enthusiastically to requests for paper recycling, so much so that the
infrastructure for recycling has been overloaded. Much paper which could be recycled is
landfilled. All the implications of recycling are not yet clear. For example, there may be a
substantial increase in demmd for recycled paper by an environmentally conscious public. Much
of the demand for highly bleached paper arises from the prevalence of glossy, colorful,

advertisement material. It is conceivable that a more environmentally conscious public will be

"turned off" by such material and will deliberately seek products, packing and literature which is

"off white." Certainly, there is little need for highly bleached toilet paper! The absence of

chlorine compounds from bleaching is already being used to promote sales of certain products,
such as diapers. Perhaps we are entering a new era of consumerism, which will change the
character of the industry and thus its ef uents.
Finally, the Committee notes that several inadequacies in scientific and technical knowledge
exist; they must be addressed to ensure effective and equitable ef uent control in the future.
There is concern that very little work is currently underway in these areas. Priority topics include:

1.

Improved characterization of OC chemicals in ef uents and assessment of their properties,

environmental fate, toxicity, persistence and bioaccumulation potential

2.

Improved analytical techniques for general and speci c
organochlorines

parameters especially relating to

3.

Improved understanding of the effectiveness of aerobic and anerobic treatment technologies

4.

Improved sludge disposal methods

5.

Continued efforts to encourage the industry to modify processes to reduce OC formation

In summary, while the Committee nds the present need for ef uent reduction is clear, it is
also evident that further research and investigation to characterize the nature and quantify the
toxicity and persistence of OC chemicals, which are discharged by the industry into the Great

Lakes Basin Ecosystem, is essential. Through this information, logical control programs can be
developed and implemented. Only by taking steps to allocate suf cient resources to furthering the
relevant science and technology can this question be resolved. We urge the IJC and the Parties to

promote such action immediately.
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SUMMARY
A literature review is presented of current and emerging technology for the reduction of

chlorinated organic matter in pulp mill ef uents. Measures to decrease the amount of chlorinated

organic matter in bleached pulp mill ef uents can be divided into two broad categories: internal
process measures, which decrease the formation of chlorinated organic matter, and external

treatment measures, which remove or destroy chlorinated organic matter.

Internal process measures such as oxygen delignification and substantial chlorine dioxide
substitution, are already practiced extensively in some countries, and are becoming more accepted
in North America. Extended delignification is also being implemented in mills around the world.
Pretreatments for improved selectivity in oxygen deligni cation are being examined. The Prenox
NOz Oz pretreatment has been studied on the pilot scale. A full-scale Prenox plant would cost
$20-25 million, in addition to the approximated $12 million or more for an oxygen deligni cation
system. Pretreatments with other chemicals, such as peroxide and chlorine, may be more readily
accepted. Deligni cation with hydrogen peroxide and ozone has been studied but is currently too
expensive to be feasible.
Organic solvent pulping (organosolv) has reached the demonstration plant stage. A 30
tonne/day plant is being built in New Brunswick. While perhaps not as versatile or exible as
kraft pulping, organosolv pulps are made without sulfur, and some can be fully bleached without
chlorine. Small organic solvent pulping plants may be feasible for incremental or limited
production of chemical pulp. Biotechnical pulping and bleaching with enzymes and fungi is being
widely investigated, but is still in the laboratory stage.
Interest in the ef uent-free or closed cycle mill is returning. The Scandinavians have been
studying the feasibility of such a concept in the light of new technology. NCASI in the USA is
managing funds for closed-cycle research. Chlorine-free bleaching of kraft pulp remains in the
laboratory stage, as the economic production of high-quality bleached kraft pulp cannot be
achieved without chlorine.
Extemal treatment of ef uents for removal of colour, toxicity and BOD is widely practiced.

Recent studies have shown that these treatments can also remove chlorinated organic matter.
Activated sludge plants have been shown to be more efficient than aerated lagoons for
organo-chldrine chemical removal, however, both operations continue to be improved. Anaerobic
processes also remove organo-chlorines. Pilot-scale trials, usually in combination with either
aerobic treatment or physical/chemical separation, are being carried out. The use of enzymes and
fungi is also being studied for ef uent treatment, on laboratory and pilot-plant scales.
Physical/chemical separation techniques are promising, but are perhaps best combined with
biological treatment. Ultrafiltration is currently being used in two Japanese mills and one Swedish
mill for alkaline ltrate treatment. Treatment of acidic and combined mill ef uents is still in the
laboratory stage. The lignin removal process (LRP) adsorbs dissolved organic matter on waste

sludge and

bres. It has passed the pilot plant stage. All external processes, biological or

physical/chemical, produce waste sludge, which must be disposed of in some manner.
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I. INTRODUCTION

Measures to decrease the amount of chlorinated organic matter in bleached pulp mill ef uents

can be divided into two broad categories: intemal process measures, which decrease the formation
of chlorinated organic matter, and external treatment measures, which remove or destroy

chlorinated organic matter. This review considers processes and technologies in both categories.

Emphasis will be placed upon research and projects in the initial stages of development, and
full-scale technology not commonly used in North America. Such processes and technology
currently in common use are covered brie y, with references for further information.
For a review of the principles of pulping and bleaching, the reader is directed to the following:
"Handbook for Pulp & Paper Technologists" by GA. Smook (available from the Canadian
Pulp and Paper Association, Sun Life Building, 19th Floor, 1155 Metcalfe Street, Montreal,
Quebec, H3B 4T6, Canada)

"TAPPI 1989 Bleach Plant Operations Seminar Notes" (available from TAPPI Press,

Technology Park/Atlanta, PO. Box 1051 13, Atlanta, Georgia, 30348, USA)

"Kraft Mill Effluents in Ontario" by N. Bonsor, N. McCubbin, and J .B. Sprague, April 1988

u
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(MISA document, available from the Ontario Ministry of the Environment, Toronto, Ontario,
Canada)
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2. INTERNAL PROCESS ALTERNATIVES

Internal process measures can be used to decrease the amount of chlorinated organic matter

which is formed during the bleaching of pulp, either by decreasing the amount of
non-carbohydrate organic matter (e.g. lignin or pulping liquor carry-over) which enters the bleach

plant with the pulp, or by decreasing the amount of chlorine which is used to bleach the pulp. The
concept of the "closed cycle" or "ef uent-free" bleached pulp mill is also covered in this section.
2.1

Decreased Organic Matter to the thorination Stage

Up to 90% of the chlorinated organic matter formed during the bleaching of pulp is produced

in the chlorination and first extraction stages. This occurrence is a result of the chlorine used to
remove the residual lignin in the pulp. Chlorine is used because it is inexpensive and relatively

selective towards lignin removal, as opposed to cellulose damage. But if less residual lignin enters

the bleach plant with the pulp, then less chlorine will be needed to remove it.
2.1 .1 Extended Deligni cation

Conventional kraft pulping uses sodium hydroxide and sodium sulfide to dissolve the lignin

in and around pulp bres. This delignification can be carried only so far before unacceptable

daunage to the cellulose occurs. Extended delignification allows the pulping process to remove
more lignin from the pulp, while maintaining acceptable strength properties. This process is
carried out by modifying the concentration profile of the pulping liquor in the digester [1-10].
Extended delignification can be incorporated into new systems, or retro-fitted to some

existing digesters. Three systems are available: Beloit's RDl-I (rapid displacement heating)

[7,8,10,l ll and Sunds "cold blow cooking" [12] for batch digesters, and Kamyr s MCC (modi ed
continuous cooking) [13] for continuous digesters.

Extended delignification on a commercial scale is relatively new, but is becoming
increasingly accepted. The capital cost for a new system may be only slightly more than for
conventional pulping, but the cost for retro- t, when possible at all, is often very high. Because
more organic material is returned to the recovery furnace, mill capacity is often constrained by
boiler limits.

Pekkala, in Finland, is investigating other methods of improving the reactivity of kraft pulp
[14], as well as the concept of extended deligni cation with pulping additives such as
anthraquinone or polysulfide [15]. Other researchers are studying the effects of other quinone

additives [l6].

2.1.2 Oxygen Delignification

Oxygen delignification uses oxygen gas, sodium hydroxide, and high pressure and
temperature to further delignify the pulp after the digester [17-19]. Again, the aim is to remove as
much lignin as possible before bleaching with chlorine. Oxygen delignification can be performed
at either high consistency (25-30 weight-% dry fibre suspended in water) or medium consistency
(10-12% fibre). High consistency systems were available rst, but medium consistency is
currently the process of choice.
Oxygen deligni cation can be used to remove approximately 40% of the lignin in the

unbleached pulp. Around this point, the risk of pulp strength damage increases dramatically. The

filtrate from an oxygen stage is returned to the recovery furnace for chemical recovery and
incineration, which again increases the loading on the boiler, and may limit mill capacity.

employ oxygen deligni cation. However, more installations are currently on order. The capital
cost of a medium consistency oxygen delignification system is approxnnately $12 million,
including the necessary extra washers. Retro fitting oxygen delignification into an existing mill
may be more expensive.
The swedish Pulp and Paper Research Institute (STFI) is advocating a combination of

extended delignification followed by oxygen deligni cation for maximum lignin removal,
optimized to each mill s needs and furnish bre characteristics [20]. The use of a
low-temperature, low-pressure oxygen-stage has also been studied [21]. Capital costs are
decreased, but so is delignification ef ciency. STFI studied an oxygen/ chlorine dioxide/chlorine
(O/D/C), sequence with no washing in between [22]. Delignification was improved slightly but
the ltrate could not be recycled. A Finnish mill tried this sequence and was apparently able to
decrease the chlorine charge slightly, but no details were published.

Various pretreatments are being examined for improving the efficiency or selectivity of
oxygen deligni cation. These will be examined in Sections 2.1.3 and 2.1.4 below.
2.1.3 Prenox -- Pretreatment for Oxygen Deligni cation
Prenox is an acidic pretreatment, using nitrogen dioxide and oxygen before conventional
oxygen deligni cation. The pretreatment improves the selectivity of the subsequent oxygen
stage. Up to 80% of the residual kraft lignin can thus be removed before the chlorination stage
[23 25].
A Prenox pilot plant has been constructed at SCA s strand kraft mill in Sundsvall, Sweden,
and has been operating for about three years [26]. Studies have been made concerning pulp
strength properties, pulp bleachability, ef uent characteristics and NOx emissions [27].
Weyerhaeuser reportedly also has an experimental nitrogen dioxide reactor in- Tacoma,
Washington [28].

The capital costs for a full-scale Prenox system would be quite high, on the order of $20-25
million, on top of the cost of a conventional oxygen deligni cation stage. No commercial

installations have been made, nor are any planned for the immediate future.

Samuelson, who developed the Prenox process, has investigated altemate processes in the

laboratory using nitrogen oxide and nitrogen dioxide, some of which could include recycle an
regeneration of the nitrogen dioxide [29].
:
2.1.4 Other Pretreatments for Oxygen Delignification

Other electrophilic reagents have been studied in the laboratory to improve the ef ciency of
oxygen delignification. Small charges of chlorine have resulted in signi cant improvements
[30-32]. It has been claimed that if the chlorine charge is kept below 5 kg/tonne pulp, then the
oxygen-stage ltrate can still be safely recycled to the recovery boiler [32]. Pretreatments with
chlorine dioxide, hydrogen peroxide and sulfur dioxide have also shown some synergy with
oxygen deligni cation [32]. Results from ozone pretreatments have beeninconclusive [30,32].
No pilot-plant or full-scale trials have beenconducted using any of these pretreatments.
Siiss and Helmling have been studying an acidic hydrogen peroxide/oxygen pretreatment for
oxygen delignification. A pilot plant was constmcted and a full-scale installation was made in a
bleached sulfite mill in Germany [33]. After some modifications, the process was successfully

applied to [craft pulps in the laboratory [34]. An acidic prewash to remove transition metal ions

will also improve the efficiency of oxygen delignification [35].
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Oxygen delignification is used extensively by Swedish and Japanese mills, but has had

limited acceptance in North America. Only one mill in Canada and 51x mills in the US currently

#I I I I1 I1 III I II I I I I I I

Marcoccia has been investigating the effect of ultra-violet radiation on oxygen deligni cation

[36]. Up to 80% of the residual kraft lignin has been removed in a laboratory oxygen reactor,
operating at atmospheric pressure and ambient temperature.
2.1.5 Ozone Delignification
Many researchers have investigated ozone deligni cation, as it is a very strong oxidant

[37-46]. However, ozone is not very selective, attacking cellulose as well as lignin, and it can be
generated only as a dilute solution in oxygen.
Lately, most ozone research has been directed towards pretreatments or process changes to
improve the efficiency of ozone delignification. Acid pretreatments have been shown to improve

selectivity [41]. Ozone was also shown to have a smaller effect on pulp strength if applied after
oxygen delignification [39]. Ozone has been an important part of studies into chlorine free
bleaching [37,47] (see Section 2.6).

Several ozone delignification pilot plants were constructed in the last decade. Laboratory
investigations continue, but the author is unaware of any pilot plants currently in operation.
2.1.6 Hydrogen Peroxide Delignification
Like oxygen, hydrogen peroxide can also be used todelignify pulp [48,49]. However, its
high cost makes it uneconomical for this purpose. Perhaps because of its high cost, hydrogen
peroxide delignification has not been investigated as thoroughly as oxygen delignification. Recent
laboratory investigations have studied the in uence of metal ions and catalysts [50] and the effect
of lignin demethylation [51].

2.1.7 Alternative Pulping Chemicals and Processes
Sul te pulping is much older than kraft pulping. Sulfite pulps are more easily bleached than
kraft pulps, but have poorer strength properties. Sul te mills also discharge more sulfur than kraft
mills. Replacement of kraft with sul te-AQ (anthraquinone) pulping would require a large capital
expenditure for conversion of the recovery furnace and a new liquor-recovery cycle. However,
laboratory research continues to investigate methods to improve sul te-AQ pulping [52,53].
STFI in Sweden has developed a new two-stage pulping process called MSS-AQ

(mini-sulfide sulfite-anthraquinone) [54,55]. MSS-AQ pulp is apparently as strong as or stronger

than kraft pulp, combines well with oxygen deligni cation, and can be easily bleached to 90%
brightness. Development is still in the laboratory stage.
2.2 Organic'Solvent Pulpin' g

The past few years have seen a surge of interest in the use of organic solvents such as
alcohol, phenol or acid esters, for separating lignin from pulp bres [56-61]. Proponents of
"organosolv" pulping point out that these processes use no sulfur, and that many organosolv pulps

are easily bleached to full brightness without chlorine. Some solvent pulping processes have a

higher pulp yield than the kraft process. Organic solvent pulping processes also have a potentially
simpler recovery cycle than the kraft process. With lower capital and production costs, the

economics of smaller-sized organosolv pulp mills are said to be much better than those of kraft or
sulfite mills.

However, several problems must be confronted before solvent pulping becomes more viable.
Ef cient spill control and solvent recovery are extremely important because most of the ef uents

are very toxic. Many processes are species dependent; they can be used only on hardwoods or

low-density woods. As well, many of the estimates of favourable economics for organosolv
pulping assume a market, which may not exist, for the sugar and lignin by-products, . It has been

suggested that the most likely future for organosolv pulps is in the addition of incremental or

limited production of hardwood chemical pulps [61]. Alcohol is probably the most feasible
organosolv pulping chemical.
ll

Many solvent pulping processes have been studied and patented. Paszner has been working

on methanol,
on catalysts for organosolv pulping [60]. Research is also being done in Finland

.
ethanol and peroxyacid pulping, bleaching and solvent recovery [62-68]

on pulping
In 1983, the Biological Energy Corporation built a multi-stage alcohol extracti

Repap
pilot plant [69]. It was claimed that these pulps could replace sulfite and hardwood kraft.
Alcell
ay
tonne/d
30
a
ogies has since taken control of BBC, and is currently building

Technol
bleaching and
alcohol pulping demonstration plant in Miramichi, New Brunswick, complete with
solvent recovery [70]. It is scheduled to open in early 1989.

A 5 tonne/day Organocell/I echnocell alkaline ethanol pulping demonstration plant was built

A
in Germany. The process uses membrane technology and electrolysis for caustic recovery [59].

pilot-scale sulfite-anthraquinone-methanol pulping plant has also been constructed. The pulp can
be bleached to full brightness without chlorine and has the same strength as kraft pulp [59].
2.3

Biological Pulping and Bleaching

In nature, fungi and bacteria degrade wood. This phenomenon has led researchers to

investigate the possibilities of pulping and bleaching wood biologically. White-rot fungi and their
enzymes have been used to further delignin kraft pulp [71]. Hemicellulase enzymes break down
hemicelluloses, and so have also been used to delignify pulp by breaking the bonds between lignin
and cellulose. Over 50% delignification of kraft pulp has been achieved with these enzymes.

Beyond the obvious scale-up problems with bio-bleaching are the high costs and the fact that
many biological processes take days or even weeks. Biological pulp and paper research is
ongoing at the Pulp and Paper Research Institute of Canada (PAPRICAN) [72], STFI in Sweden

[73,74], the Finnish Pulp and Paper Research Institute (KCL) [75-77], and other locations in

Canada [78] and the USA [79]. Researchers at STFI have recently used inexpensive compounds
which mimic the attack of lignin peroxidases [80]. Deligni cation similar to that from an oxygen
stage was accomplished in 26 hours.
2.4 Modi cations to the Chlorination Stage

Modifications can be made to the chlorination stage and the bleaching sequence as a whole to
decrease the amount of elemental chlorine used for bleaching. These include chlorine dioxide
substitution and low-multiple bleaching. Many of these modi cations are already well-known and
some are practiced extensively.
2.4.1 Substitution of Chlorine Dioxide for Chlorine

Chlorine dioxide substitution is a well-known and much-employed practice, whereby a

fraction of molecular chlorine (C12) is replaced by an equivalent amount of chlorine dioxide

(C102).

Small amounts of chlorine dioxide have long been used for viscosity protection.

Substantial chlorine dioxide substitution (i.e. 30-50% or more) is currently being practiced by an

increasing number of mills for improved deligni cation ef ciency, improved pulp quality,

improved ef uent characteristics and improved process control and stability, and often for a lower

cost [81,82]. The effect of chlorine dioxide substitution on organochlorine formation continues to
be researched extensively on both the laboratory- and mill-scales [83-91].
2.4.2 Decreased Charge of Chlorine

Decreasing the chlorine charge below a certain "threshold" level has been shown to result in a

dramatic decrease in the formation of highly chlorinated, lipophilic compounds [83,86,89-92].
Molecular chlorine (C12) use can beidecreased by chlorine dioxide substitution (see Section 2.4.1

above) or by low multiple bleaching (see Section 2.4.3 below). Reinforcing the alkaline
extraction stage with oxygen, a widely-used practice, can also decrease chlorine requirements

[93,94].
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2.4.3 Low-Multiple Bleaching
Low-multiple bleaching involves using a smaller charge of elemental chlorine in the first
stage, and compensating with reinforced extraction stages and higher charges of chlorine dioxide
in the brightening stages [85]. Low-multiple bleaching has been tested in the laboratory and on '
the mill-scale. In mill trials in Sweden, low-multiple bleaching was found to be equivalent in cost
»

to 50% chlorine dioxide substitution [85].
2.4.4 Additives

Researchers at PAPRICAN recently discovered unchlorinated dibenzofurans in certain

oil-based defoamers used in pulp bleaching [95].

These precursors led to the formation of

2,3,7,8-TCDF in the chlorination stage. No dibenzodioxin precursors could be detected in the
defoamers. TCDF (and possibly TCDD) levels can therefore be decreased by replacing these
defoamers.

2.5 The Closed Cycle M111
A "closed-cycle" bleached kraft pulp mill was constructed in Thunder Bay, Ontario, based on
the Rapson-Reeve process, whereby bleach plant filtrates are recycled to the pulp mill. Organic

matter in the filtrates was incinerated in the recovery furnace, and sodium chloride was recovered.

The mill started up in 1976, but never operated at full closure.

The closed-cycle process was abandoned in the mid-80s due to high operating costs and
problems with corrosion and bleach plant and recovery plant operations. Details of the
Rapson-Reeve process and the closed-cycle mill can be found in Reeve, 1984 [96] and the
references contained therein. In 1984, Reeve outlined some of the problems which needed to be
solved in order to improve mill closure [96]. NCASI calculated the additional operating cost of

the closed-cycle mill to be $5.99 per air-dry ton of pulp, in 1979 US dollars [97]. Researchers at
the University of Toronto intend to examine the feasibility of the closed-cycle mill in light of new
technology.

A Swedish kraft mill currently recycles a portion of its extraction-stage ltrate to the
recovery furnace [87]. No chloride build-up or corrosion problems have been found.
STFI and Alby Klorat have developed a process for converting white liquor for pulping into

sulfur-free alkali, which would help to achieve chemical balance in a closed kraft mill [98].

i
u

Dorica and co-workers at PAPRICAN have studied the use of ultrafiltration and reverse
osmosis to recycle filtrates to the bleach plant [99] (see Section 2.2.1). Laboratory work and
computer simulations suggested that the cost would be higher than that of the Rapson-Reeve
process.
For the past three years, an inter-Nordic team of scientists from STFI in Sweden, KCL in
Finland, and PFI in Norway have been studying the feasibility of the closed-cycle, ef uent-free
mill concept. The study has been completed and will not be continued. Research at STFI will
continue to investigate technical details regarding bleach plant and mill closure [100]. The first
Englishdanguage report is scheduled to be presented at the TAPPI 1989 Pulping Conference.
The National Council of the Paper Industry for Air and Stream Improvement (NCASI) is
currently managing research funds for closed-cycle and in-plant technologies for wastewater

u
u
I

treatment, and has made an extensive review and analysis of the literature [97,101,102]. They

have identi ed eleven areas for study [102].
2.6 thgrine Free Bleachm g

Liebergott at PAPRICAN has been studying chlorine-free bleaching for many years, using
oxygen (0), ozone (Z), sodium hydroxide (E), hydrogen peroxide (P) and sodium hydrosulfite
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(Y) [37], Softwood kraft pulps were bleached in the laboratory to full brightness using OZEPY
and ZOZWPY sequences (where ZW = wash with ozone-stage ef uent). The strength properties
of these pulps were comparable to conventional pulps. Laboratory work continues on hardwood
pulps.

Finnish researchers have produced fully-bleached hardwood pulp from wood chips in the

laboratory, without the use of chlorine or sulfur, using a peroxyacid/alkaline peroxide pulping and
bleaching sequence [62,63,65]. The strength properties of the pulp were comparable to kraft

pulps. Many problems remain with regard to economics and chemical regeneration, as well as
technology for carrying out the process on a larger, continuous scale.

Norwegian researchers have bleached sulfite and hardwood kraft pulps to high brightness

without molecular chlorine (C12) [47]. Oxygen and ozone were used in place of chlorination and
chlorine dioxide and hydrogen peroxide were used for brightening.

Lachenal and co-workers have been studying bleaching to full brightness with very small .
charges of chlorine [103]. Chlorine dioxide was used for brightening. They have also produced
semi-bleached pulp with oxygen and hydrogen peroxide only [35].
Researchers at PAPRICAN are examining in-situ electrochemical bleaching of pulp without

the use of chlorine [104].
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3. EXTERNAL PROCESS ALTERNATIVES

External process measures can be used to decrease the amount of chlorinated organic matter

which is discharged from bleached pulp mills, either by removing the material from the ef uent

for disposal, further treatment, incineration, or by degrading and dechlorinating the material.

Disposal of the sludge from external treatment can often be a problem.
3.1

Biological Ef uent Treatment

The two

mostwell-known types of biological treatment are aerated lagoons and activated

sludge plants. These aerobic treatments are already well developed. Almost all pulp mills in the
United States have biological treatment, mostly aerated lagoons. Aerated lagoons are currently

used by many mills in non-coastal British Columbia and three mills in Eastern Canada. There are

seven or eight activated sludge plants and three aerated lagoons at bleached kraft pulp mills in
Finland [105]. There are approximately nine aerated lagoons at bleached and unbleached kraft

pulp mills in Sweden [54]. Most aerobic biological treatments were designed to decrease BOD,

and have not yet been optimized for organochlorine removal. However, anaerobic processes and
enzymes and fungi can also be used to treat ef uent for organochlorine. Some researchers have
suggested combining biological treatment with physical/chemical processes. A review of
biological effluent treatment is presented in Bowman e101,, 1988 [106].
3.1.1 Aerated Lagoon Treatment
Aerated lagoons have long been used for the removal of BOD and suspended solids. Recent
work has investigated the efficiency of these lagoons for organochlorine removal [107-1 10]. AOX
reductions of 25-50% are typically reported. Bryant and Amy have speculated that dechlorination
occurs under anaerobic conditions in the benthal layer, in addition to aerobic degradation in the

lagoon. The mechanisms of organochlon'ne removal are being studied, with the aim of improving
the efficiency of aerated lagoons.
In a typical lagoon, the biomass settles and is not recirculated. Recent Swedish work has
studied the effect of biomass recirculation on a laboratory scale. with the result that AOX removal

was improved by about 10% [106].
3.1.2 Activated Sludge Treatment

Activated sludge plants use biomass under aerobic conditions to treat ef uents. After
treatment, most of the biomass is recycled, while a small fraction is disposed of. Organisms are
thus retained in the system. Activated sludge plants are often favoured over aerated lagoons
because of their compact size and more uniform reduction of BOD [106]. More efficient removal
of organically bound chlorine, from 40-65%, has also been reported [106,111].

Most of the current research on optimizing and improving activated sludge systems is being
done in Finland. Researchers have studied the modi cation of activated sludge plants modified by
the addition of further biological treatment for enhanced efficiency [112].
3.1.3 Anaerobic Treatment
At the present time, anaerobic treatment is mainly being applied to mechanical or
semi-chemical pulp mill ef uents. Advantages of anaerobic treatment include low energy and

nutrient requirements, production of bio-gas for fuel, and low production of excess sludge [106].

In 1987, Paques reported the construction of ve demonstration anaerobic pilot plants at

Canadian mills [113]. The mills were not identi ed, but were not bleached chemical pulp mills.

BOD removals of 90% or better were reported. Consolidated-Bathurst recently reported anaerobic
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cally.
Bleached chemical pulp effluents have proven much more difficult to treat anaerobi

rganisms [106.116].
They are often too dilute, and sometimes too toxic for the anaerobic micro-o

nds has been
Anaerobic degradation of chlorinated solvents and chlorinated phenolic compou
reported [117-120].

[121].
Anaerobic treatment of bleached sulfite ef uent in Germany was not very successful
high
remove
However, STFI has had success with anaerobic treatment after ultra ltration to
bleached
molecular weight material, and are testing this combination on a pilot-scale at a Swedish
kraft pulp mill [106,117].

uents was
A two-stage anaerobic-aerobic system for the treatment of pulp and paper mill ef

developed in Finland, called the Enso-Fenox process

[119,120].

Detoxi cation and partial

in the aerobic
dechlorination takes place in the anaerobic phase, while BOD removal takes place
removal of
phase. Two full-scale plants were constructed in Finland. One plant reported 70-90%
almost no
chlorinated phenolic compounds, 20-30% reduction in organically-bound chlorine, and
toxicity after the treatment [106].

In New Zealand, an activated carbon packed bioreactor was used to decolorize

extraction-stage ef uent [122].

3.1.4 Enzymes and Fungi

White-rot fungi have been shown to degrade kraft lignin and chlorinated lignin material

the
[106]. In the USA, the "MyCoR" process has been patented for the removal of colour and

degradation of chlorinated organic compounds in bleach plant ef uents [123-125]. A pilot-scale

reactor has been built. The process uses a xed lm reactor and can remove about 80% of the
colour and 70% of the organically-bound chlorine from the ef uent. However, it has been
suggested that the large amount of sugar required for energy and hydrogen production in this or
any other white-rot fungi process would make it uneconomical [106].
A recirculating fungal biomass reactor has recently been tested at a Swedish pulp mill [106].
In the laboratory, the fungal mycelium degraded chlorinated organic compounds much more
effectively than bacteria in a similar aerobic situation. Combined with ultra ltration, 70%
reduction of AOX was achieved [106,117,126].

However, in the pilot plant trials effective

separation and recirculation was dif cult, and the high removal ef ciency seen in the laboratory
could not be achieved [106]. The combined cost of ultra ltration and fungal treatment was

estimated to be US$7- 10 per tonne of pulp.

Finnish and Swiss researchers are also investigating the use of lignin-degrading enzymes for

ef uent treatment [127-129]. In the laboratory, up to 90% reduction in chlorinated phenolic

'

compounds has been achieved.

3.2 Physicallghemical Separation

Separation technology can be applied to physically remove material from the process stream,
by technology such as ultra ltration, or by surface chemical adsorption or chemical precipitation.

Most systems were originally designed for removal of colour. Usually the concentrate or adsorbed

llllllllllllllll

[114]. BOD
pilot plant results for treatment of CTMP and neutral-sul te semi-chemical ef uents
in 1985 at
cted
constru
removals ranged from 11-91%. A full-scale anaerobic treatment plant was
anaerobic
The
[115].
1987
in
the SCA CT MP mill in Sundsvall, Sweden, and put into operation
upsets.
of
g
handlin
treatment is followed by an activated sludge plant for aerobic polishing and

material must be treated further or disposed of. It is also often recommended that the filtrate
3.2.1 Ultra ltration, Reverse Osmosis and Ion Exchange

.

Ef uent treatment by ultra ltration is being studied in Sweden and Canada. Two Japanese

mills and one Swedish mill currently use ultra ltration to treat extraction-stage ef uents [130].
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and/or the concentrate be treated biologically.

Illlilllillllilllll

Ultrafdtration removes high molecular weight material such as resins and large lignin fragments.
In Japan, the concentrates are evaporated and incinerated in the recovery fumace, for a mill-wide
COD reduction of 25-30% [54]. BOD reduction is poor. It has been suggested that ultrafiltration
be followed by biological treatment of the filtrate.
Results and cost estimates of ultrafiltration vary widely. In France. a one-year mill trial of
ultra ltration of El-stage filtrate was carried out [131]. A 65% reduction in COD and 40%

reduction in BOD was reported, at an estimated cost of US$185,000/year (in 1981 dollars). A
similar pilot-plant trial in Canada in 1986 removed 60% of the COD and 44% of the BOD, with
only a marginal reduction in fish toxicity, at an estimated cost of Cdn$620,000/year [132]. A 1980
study estimated the cost of E1 ultrafiltration to be US$5.50 per tonne of pulp produced [133].
Jonsson has recently estimated the cost of E1 ultrafiltration to be Cdn$5.00/tonne pulp [130].

Research at PAPRICAN studied the use of ultrafdtration and reverse osmosis for bleach plant

closure and ltrate recycle [99]. Ultrafiltmtion was used for colour and organics removal, and

reverse osmosis for chloride removal. Diafiltration was used to separate the chlorides from the
concentrates. The cost of these treatments was very

operating costs of $12-16 per ton of pulp were estimated.

high-- capital costs of $20-40 million and

The treatment of chlorination stage ef uent by ultrafiltration continues to be a major problem
because of the smaller average molecular weight of the dissolved C stage material. Jonsson in
Sweden has worked to improve E-stage ultra ltration and continues to study improved
ultrafiltration efficiency and organochlorine removal from the total mill effluent [130,134,135].

Ion-exchange resins for ef uent treatment have also been examined. In 1980,
Billerud Uddeholm built a "non-polluting" bleach plant in Sweden, using ion-exchange/sorption

resin to treat the chlorination and first extraction stage ef uents [136,137]. The system was
abandoned in favour of secondary treatment in 1987, due to poor removal efficiencies and short

resin life. NCASI calculated the additional operating cost of the Billerud-Uddeholm mill to be
between $7.75 and $10.25 per ton of pulp, in 1981 US dollars [97].

3.2.2 Surface-Chemical Adsorption
The LRP Process (Lignin Removal Process) uses waste sludge and bres to adsorb organic
matter [138,139]. It was designed as a pretreatment step before biological and/or mechanical
treatment, but could be used on its own.

LRP removes mostly high-molecular weight material. but also removes chlorinated phenolic
compounds, resin and fatty acids. In pilot-plant trials, the LRP process decreased AOX discharge
by 30-60%. The clari ed ef uent can then proceed to biological treatment. Some LRP sludge is
recycled, while the remainder must be disposed of.
The LRP process has passed the pilot-plant stage, and is currently looking for its first
commercial installation. A full-scale plant would require a $500,000 investment and

approximately $350,000 per year in operating costs.

Sierka and Bryant have also studied the use of powdered activated carbon (PAC) to remove

TOC and organochlorine before treatment in an aerated lagoon [140,141].

When the PAC is

treated with UV-activated ozone, total AOX removal is double that of an aerated lagoon alone.
3.2.3 Chemical Precipitation

Removal of material by chemical precipitation can be very effective, but the chemical costs
are often extremely expensive. In England, Webb has investigated the use of various chemicals
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per tonne of COD removed.

Finnish researchers have stated that chemical treatment can be less costly than bio-treatment

if the mill already has a clarifier, has low ef uent volumes, and can keep the chemical charge low
[143]. In tests. chemical precipitation was not as effective as bio-treatment. The two could be

combined in series.

A mill in Louisiana uses organic polyelectrolytes as coagulants, followed by

otation

separation, to remove colour from its ef uent [144]. Biological improvements m the recrpient
have been noted.
'

In a three-month pilot trial, German researchers used polyimines to precipitate organic matter
from the chlorination and extraction stages of a sul te pulp mill [145]. The precipitates were then
degraded with enzymes and fungi.
»
A continuous activated carbon decolorization process has been developed, whereby coloured

material is adsorbed and concentrated, then desorbed and disposed of [146]. The sorbent is then

regenerated. No full-scale systems have been installed.

l

l

l
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such as alum, ferric sulfate and bentonite. The treatment cost was estimated to be from 520-1000

Llllllllllllllllll

for the removal of dissolved organic material [142]. The most effective chemicals were inorganics
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